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Abstract
Design and Application of Plasmonic Devices
Richard Grote
Bahram Nabet, Ph.D.
Surface Plasmon Polaritons (SPPs) are quantized charge density oscillations that occur at the
interface between a metal and a dielectric when a photon couples to the free electron gas of the metal.
The extraordinary properties of SPPs allow for sub-diffraction limit waveguiding and localized
field enhancement, neither of which are achievable by any other means. The emerging field of
Surface Plasmonics has applied SPP coupling to a number of new and interesting applications,
such as: Surface Enhanced Raman Spectroscopy (SERS), Super Lenses, nano-scale optical circuits,
optical filters, photonic band gap structures, biological and chemical sensing, and SPP enhanced
photodetectors.
The focus of this thesis is on the modeling, design and fabrication of plasmonic devices. A
comparison of different models for the dielectric function of the metal, gold in this case, in optical
frequencies is presented for the purpose of accurately modeling metallic dispersion through Finite-
Difference Time-Domain (FDTD) simulations. The fabrication, measurement, and simulation of
SPP Bragg grating coupling devices are performed for both linear and circular geometries. Finally,
these gratings are added to the two gold contacts of a metal-semiconductor-metal photodetector
designed on Gallium Arsenide for an operating wavelength of 830 nm to create a SPP enhanced Pho-
todetector. The device is optimized using FDTD simulations to maximize the field enhancement,
fabricated by E-beam lithography and tested with femtosecond time response studies.
xii

1Chapter 1: Introduction
The field of Surface Plasmonics has grown rapidly over the past couple of years due to the
exciting physical properties of Surface Plasmon Polaritons and new fabrication techniques which
have allowed for these properties to be exploited. A Surface Plasmon Polariton, or simply SPP, is
a quantized charge density oscillation that occurs at the interface between the free electron gas of
a metal and a dielectric material. The nature of this quasi-particle is that of an electromagnetic
wave trapped at the surface between these two media. Oscillations in the charge density drive the
electromagnetic wave, which can propagate for relatively large distances across the surface of the
interface (on the order of micrometers, or even millimeters depending on the materials and frequency
of operation). The SPP propagates at optical frequencies, however it has a wavelength shorter than
that of light. Due to this shorter wavelength, SPP devices can be created using nano-fabrication
techniques which allow for waveguiding below the diffraction limit. This fact has generated a great
deal of excitement because optical interconnects are far faster than their electronic counterparts,
however it has always been assumed that they must be larger due to the constraint imposed by
the diffraction limit. There is speculation that SPPs could be the solution to nanoscale integrated
optical circuits and that they could eventually lead to the invention of the optical computer. In
fact, Brongesma et al. [1] have called Surface Plasmonics “the next chip-scale technology” .
The field of Surface Plasmonics started with the study of electromagnetic properties at met-
al/dielectric interfaces first by Gustav Mie’s investigation of the scattering of light by small particles
[4] followed by R. H. Ritchie’s examination of planar interfaces [5]. Even before any rigorous study
of the field began, Surface Plasmonics was unknowingly used to make different colors of stained
glass. The Lycurgus cup [6], a Roman dichroic glass cup from the 4th century A.D., is one such
example where the addition of gold nanoparticles to the glass causes a filtering effect. The cup
normally appears as an opaque green color, but when it is held up to the light it appears red due
to the enhanced transmission of red light through the glass. Like the nanoparticle effect in stained
glass, periodic structures can also allow for frequency selective coupling of photons to SPPs, which
can be used to design filters. This effect has been shown for arrays of nanoparticles [7] as well as
arrays of subwavelength apertures [8], [9].
The enhanced transmission through subwavelength apertures is another extensively studied
plasmonic effect. This extraordinary transmission through sub-wavelength apertures was observed
experimentally as early as 1902 by Robert W. Wood, and has been referred to as “Wood’s Anomaly”
[10]. It has not been until recently that the physical causes of these transmission effects have been
rigorously modeled and applied to create a number of plasmonic devices, [11], [12], [13], [14].
Recently the strong localized enhancement caused by SPPs has been exploited for Surface
Enhanced Raman Spectroscopy (SERS) [15], [16]. Raman Spectroscopy is an optical method for
probing different transitions in a material. It can be used for studying material properties, but it
can also be used for identifying different types of materials since every material should have a unique
Raman spectrum. The problem with Raman spectroscopy is that the optical signal generated by
material transitions is generally very weak. SERS uses plasmonic structures to enhance the Raman
signal, and makes detection a much simpler task.
The sensitivity of photon to SPP coupling can also be used for biological and chemical sensing
[17], [18]. In such systems the metal/dielectric interface is optically probed and monitored in a
manner which will ensure that a coupling condition is satisfied. The metal surface is typically
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functionalized for a certain type of molecule or chemical agent. When the molecule or agent binds
to the metal the effective dielectric constant at the interface is changed, and the coupling condition
is altered. The binding of a molecule or agent causes a sharp change in certain characteristics of
the optical signal, making for a very sensitive detector.
The waveguiding and field enhancement effects of SPPs have been utilized for enhancing the
sensitivity of high speed photodetectors. There have been a number of plasmonic enhanced photode-
tectors developed ranging from a C-shaped germanium photodetector [19] to a simple optimization
of the fingers of a standard MSM for SPP coupling [20]. Collin et al. have fabricated a nanoscale
metal-semiconductor grating which consists of silver and gallium arsenide with a cut off frequency
greater than 300 GHz and a quantum efficiency greater than 50% [21]. The device is an interdig-
itated MSM with a finger spacing of 100 nm, and is fabricated such that there is GaAs between
the fingers to form the metal-semiconductor grating. Enhancement in the device is due to TM
polarized light coupling to SPP modes of the grating.
Ishi et al. have fabricated a silicon PIN photodiode with a surface plasmon antenna on the
anode of the device [22], as well as a silicon MSM with the same antenna on one of the contacts
[23], [24]. Both of these devices use a vertical configuration with a circular transmission grating
at one contacts possessing a subwavelength aperture to waveguide photons into the active region.
The PIN device with the antenna shows an increase in photocurrent which is more than 10 times
larger than the device without the antenna, and the MSM shows a time response of 20 ps.
Yu et al. have shown in simulation a mid-infrared plasmonic enhanced MSM photodetector
using gold contacts with gratings and a subwavelength gap on a CdSe substrate [25]. The gratings
are placed on the each contact in a planar configuration so that the SPP is wave guided into the
active region from each contact. The grating height, duty cycle, and gap are optimized using the
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FDTD simulation technique to maximize the flux absorbed into the active region. The device with
gratings shows a theoretical enhancement factor of 64 times greater than device without. Bhat et
al. explored similar structures through simulation to analyze the importance of grating placement
relative to the gap, the differences between circular and linear gratings, and the effect of the gratings
on the signal to noise ratio of the device [26], [27].
The design of an optimized SPP enhanced photodetector is then a fascinating and challenging
problem. In the sections that follow the design, optimization and fabrication of a SPP enhanced
MSM photodetector will be presented. Building upon previous work, the device geometry is opti-
mized using FDTD simulation, and the physical device is fabricated using E-beam lithography. The
theory explaining the SPP dispersion relation is discussed in detail along with an in-depth analysis
of the design, fabrication, and measurement of simple SPP grating structures to be used with the
MSM device. A comprehensive comparison of the different models of the dielectric function of gold
will also be presented for the purposes of accurately modeling the electromagnetic properties of
SPPs, given that the choice of dielectric function model is important for achieving a realistic device
model in the FDTD simulations. We start with a very relevant topic: the electromagnetic theory
that governs the properties of SPPs.
4
5Chapter 2: Theoretical Background
2.1 Interaction of Light with Metal
To model, simulate, and design plasmonic structures, an accurate description of the optical
properties of gold is required – Maxwell’s equations are the starting point for obtaining a model of
these properties.
In 1865 James Clerk Maxwell combined Faraday’s law of induction, Ampere’s circuital law, and
Gauss’s laws to show that any time-varying electric field ~E will have a time-varying magnetic field
~B associated with it [40]. The propagation of electromagnetic radiation in any medium can be
completely described by Maxwell’s equations:
∇× ~E = −∂
~B
∂t
Faraday’s Law (2.1)
∇× ~B = µ~J + µ∂
~E
∂t
Ampere’s Circuital Law (2.2)
∇ · ~E = ρ

Gauss’s Law (2.3)
∇ · ~B = 0 No Isolated Magnetic Charge (2.4)
Where ρ is the charge density inside of the medium,  is the permittivity and µ is the perme-
ability of the medium. In vacuum, the permittivity and permeability of free space are known to
be 0 = 10
7
4pic2
and µ0 = 4pi × 107. Assuming that the charge density in vacuum is zero, Maxwell’s
equations provide a sinusoidally varying solution for both the electric and magnetic fields in free
space. It can be seen that both fields vary both spatially and temporally, are 180◦ out of phase,
and travel with speed c = 1√0µ0 .
In media other than vacuum the permittivity and permeability can be defined relative to the
free space values such that:
 = r0 (2.5)
µ = µrµ0 (2.6)
In general  and µ do not need to be constants. These quantities can be directionally dependent,
in which case they would appear as tensors. The most common materials used for plasmonic
structures are gold and silver, which are isotropic and non-ferromagnetic. Because these are the
materials of interest, the discussion will be focused on the case where r is scalar and µr is equal to
1. The non-ferromagnetic and isotropic nature of gold and silver implies that the most important
quantity for modeling the optical properties of these metals is their permittivity . As it turns
out, the permittivity of both gold and silver is defined by a dielectric function, which is dependent
on both the frequency ω and the wave vector ~k of the incident electromagnetic radiation; the
value of this function will affect the form of the solution to Maxwell’s equations in the metal (for
the remainder of this thesis we will drop the r notation, and simply replace it with (ω,~k)). In
non-magnetic isotropic media the electromagnetic wave equation becomes:
µ0
∂2 ~D
∂t2
= ∇2 ~E (2.7)
Which leads to an equation for the electric field in both time and space ~E = ~E0e−iωtei
~k·~r, and
for displacement ~D = 0(ω,~k) ~E. In one dimension these equations can be combined to find a
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dispersion relation for electromagnetic waves in non-magnetic isotropic media:
µ00(ω, k)
∂2E
∂t2
=
∂2E
∂k2
(2.8)
µ00(ω, k)ω2 = k2 (2.9)
This dispersion relation clearly shows that the solution to the wave equation depends on the
value of (ω, k). The form of the solution to the wave equation will change depending on whether
(ω, k) is positive, negative, or complex [41]:
1.  is positive and real: A transverse electromagnetic wave propagates with group velocity
νg = c√
2.  is negative and real: The fields decay exponentially into the medium, no wave propagates
3.  is complex: ω is real and k is complex, an attenuated wave travels into the medium
It is obvious that the study of electromagnetic propagation in a material requires an accurate
model of the dielectric fuction. The most general form of the dielectric function of a metal comes
from the Lindhard dielectric function [42], where the polarizability is dependent on both wave
vector ~k and frequency ω of the perturbing potential (in this case an AC electro-magnetic field).
However, in the long-wavelength limit (where ~k is approximately equal to zero, as is the case with
optical frequencies) this dielectric function can accurately be approximated by a simple Drude
model, which does not require the rigorous calculations associated with non-local theory. The
Drude model is a simple, yet elegant model for the dielectric function of a metal which, with the
addition of a Lorentzian oscillator model, gives physically accurate values in the optical region. In
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the following sections various models for the dielectric function of gold in the optical frequency
range are described and compared.
2.1.1 Drude Model
At the turn of the century Paul Karl Ludwig Drude modeled the electromagnetic properties of
a metal by considering the valence electrons as a gas of free particles, moving around fixed ion
cores. Applying ideal gas laws to this free electron gas, Drude was able to build a simple, yet
relatively accurate model of the dielectric function of a metal. The Drude model makes three basic
assumptions [43]:
1. Free Electron Approximation: The interaction between the electron gas and the fixed ion
cores is modeled by assuming that an electron will occasionally collide with an ion core and
change its trajectory. These collisions are instantaneous events that change the velocity of an
electron. Between collisions interactions of the electron gas with the ion cores are neglected.
2. Independent Electron Approximation: Interactions between individual electrons in the
gas are neglected.
3. Relaxation Time Approximation: Collisions occur with probability per unit time 1τ where
τ is the relaxation time. On average, an electron will travel through a particular metal for a
time τ before experiencing a collision, where τ is related to the resistivity of a metal ρ by the
relation τ = m
ρnq2
. Here, n is the number of electrons, m is the mass of one electron, and q is
the charge of one electron.
Using these simplifying assumptions the Drude Model complex dielectric function can be ob-
tained (see Appendix A for full derivation):
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(ω) = ∞ −
ω2p
ω(ω + iγp)
(2.10)
Where ωp is the plasma frequency, defined as ω2p =
4pinq2
m , and γp is the damping coefficient,
defined as γp = 1τ (see Appendix A). Assuming sufficiently large frequencies such that ωτ >> 1 the
dielectric function can be simplified to:
(ω) = ∞ −
ω2p
ω2
(2.11)
For all calculations that follow, the complex Drude dielectric function of equation (2.10) will be
used. However, the simplified high frequency Drude dielectric function model is useful for gaining
a qualitative understanding of how light interacts with metals. This frequency dependent dielectric
function models the transfer function of a metal in response to electromagnetic excitation of the free
electron gas. At frequencies above the plasma frequency the dielectric function becomes imaginary,
and corresponds to a damped solution to the wave equation inside of the metal. A damped solution
to the wave equation corresponds to an evanescent wave inside of the metal, which in the far field
means that light is reflected off of the surface. Below the plasma frequency the dielectric function
is both positive and real, corresponding to a propagating wave solution inside of the metal, which
means that the metal has become transparent as is the case with gold in the UV range. The third
possibility is exciting the metal at the plasma frequency, which corresponds to driving an astable
system, or an oscillatory resonance which results in bulk plasma oscillations. The quanta of plasma
oscillation associated with the energy of one photon is a plasmon.
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2.1.2 Lorentz Oscillator Term
The Independent Electron Approximation made by the Drude model is actually a fairly accurate
approximation at optical frequenices. However, the Free Electron Approximation is the main cause
for discrepancies between the Drude dielectric function and actual measurements of the dielectric
function. To compensate for this deficiency, the electron-ion interaction can be modeled very
simply as two masses attached by a spring where the electro-magnetic field is the driving force in
the system. The effect of this model is the addition of a third term in the dielectric function, which
is known as the Lorentzian line shape function, or the Lorentz oscillator term. This term is due to
the restoring force of the electron-ion interaction. If this restoring force is neglected, the Drude-
Lorentz dielectric function will simplify to the Drude dielectric function. In the sections that follow
different models of the dielectric function will be compared. It can be seen that the addition of the
oscillator term has a more profound effect on the imaginary part of the dielectric function rather
than the real part. This affects the modeling of attenuation of the electric field in the metal more
significantly than it affects the modeling of propagation. The modified Drude-Lorentz dielectric
function is as follows:
DL(ω) = ∞ −
ω2p
ω(ω + iγp)
− ∆ · Ω
2
L
(ω2 − Ω2L) + iΓLω
(2.12)
Where ΓL is the spectral line width, ΩL is the oscillator strength, and ∆ is a weighting factor.
Numerical values of all parameters for gold in both the Drude and Drude-Lorentz dielectric function
models are taken from [44].
2.1.3 Interband Transition Terms
The dielectric function can be modeled to an even higher degree of accuracy by taking into
account interband transitions rather than adding a simple Lorentzian oscillator term. Gold has
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two major interband transitions occurring at λ ≈ 470 nm and λ ≈ 330 nm, whose line shapes are
not Lorentzian in nature. Rather than model these transitions by adding numerous Lorentzian
terms to fit the line shape of these transitions, critical point analysis can be used. This yields an
added term to the Drude model dielectric function for each interband transition:
DIT (ω) = ∞ −
ω2p
ω(ω + iγp)
+
∑
j=1,2
Cj
[
eiφj
(ωj − ω − iΓj) −
e−iφj
(ωj + ω + iΓj)
]
(2.13)
Where Cj is an amplitude, φj is the phase, ωj is the energy of the gap (or transition), and Γj is
the broadening. Numerical values of all parameters for gold are taken from [45]. Like the Drude-
Lorentz dielectric model, the addition of these interband transition terms will affect the imaginary
part of the dielectric function more substantially than the real part as compared to a simple Drude
model; however, the difference in modeling between the Drude-Lorentz and Drude with interband
transitions models will be more evident in the UV and visible regions of the spectrum.
2.1.4 Comparison of Models for Gold Dielectric Function
Both the real and imaginary parts of the three dielectric function models discussed in the previous
sections are plotted for comparison, along with two sets of experimentally obtained data taken from
[28] (labelled Rather ATR and Johnson and Christie for all comparisons that follow). The data is
plotted on the wavelength range of 500 nm to 1000 nm, since this will be the region of interest for
all of the devices presented.
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Figure 2.1: ′(ω)
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Figure 2.2: ′′(ω)
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It is apparent that the real part of the dielectric function ′(ω) (Figure 2.1) is in excellent agree-
ment between all three models and the experimentally obtained data. Conversely, the imaginary
part of the dielectric function ′′(ω) (Figure 2.2) differs rather significantly between all models and
experiments. The main observation that can be made from the comparison of different models
for the imaginary part of the dielectric function is that there is a distinct deficiency between the
Drude model and experimental data due to the neglect of the electron interaction with the ion
cores. This deficiency is adequately dealt with by the addition of either the Lorentz oscillator term,
or the two interband transition terms. In the following section, various quantities pertaining to
the propagation of Surface Plasmon Polaritons will be plotted. Quantities which are dependent on
the imaginary part of the dielectric function will be more adversely affected by the choice of model
as compared to quantities which are dependent only on the real part of the dielectric function.
The purpose of these plots is to explore various aspects of Surface Plasmon Polariton propagation
and to determine the level of complexity that is required in the modeling of the dielectric function
to obtain physically realistic results from the Finite Difference Time Domain (FDTD) simulations
that will follow.
2.2 Surface Plasmon Dispersion
As discussed in the previous section, the interaction of free electrons in a metal and electromag-
netic radiation can be accurately modeled by a frequency dependent complex dielectric function. At
some frequency range below the plasma frequency ωp, typically in the visible range of the spectrum
for a metal, the real part of the dielectric function will be negative. Solving Maxwell’s equations
at the boundary between a dielectric and a metal in this frequency range yields the following dis-
persion relation for a wave propagating at the interface of the two media (see Appendix B for full
derivation):
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ksp = kx =
ω
c
√
1(ω)2
1(ω) + 2
(2.14)
Where 1(ω) is the dielectric function of the metal and 2 is the permittivity of the dielectric.
It is apparent that ksp only has a real component for values of the real part of the metal dielectric
function that are greater in magnitude that the permittivity of the dielectric (keeping in mind that
the real part of the dielectric function is negative). For simplicities sake the only metal that will be
considered through out the remainder of this document is gold, and the only dielectric will be air.
This restricts the range of operation to frequencies where the real part of the dielectric function of
gold is greater than negative one for all devices presented. It should be noted that the dielectric
function of gold 1(ω) is complex, and therefore the SPP wavenumber ksp will also be complex such
that:
ksp = k′sp + jk
′′
sp (2.15)
Where the real and imaginary parts of the SPP wavenumber are defined as follows (see also
Appendix B):
k′sp =
ω
c
√
′1(ω)2
′1(ω) + 2
(2.16)
k′′sp =
ω
c
(
′1(ω)2
′1(ω) + 2
) 3
2 ′′1(ω)
2′1(ω)2
(2.17)
The very important physical significance of this dispersion relation is an electromagnetic wave
driven by a charge density oscillation trapped at the interface between air and gold. This is shown
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schematically in Figure 2.3.
Figure 2.3: Surface Plasmon Polariton
The wave is evanescent in both material, but propagating with some attenuation along the
surface (in the x direction according to the schematic shown). The propagation of this wave is
defined by the real part of the dispersion relation k′sp, while the attenuation of the wave in the
direction of propagation is defined by the imaginary part k′′sp. For simplicity, k′sp will be referred to
as the SPP dispersion and k′′sp will be referred to as the SPP attenuation for the remainder of this
thesis.
The blue dots in Figure 2.3 represent propagating charge density oscillations which are essen-
tially compressions and rarefactions of electron density traveling along the surface. These charge
density oscillations source an electromagnetic field; the electric field being due to the nonuniform
distribution of charge, and the magnetic field being due to the movement of this nonuniform dis-
tribution of charge. Because of the nature of this traveling source, the generated electromagnetic
field can only exist in a transverse magnetic, or p-polarization (see Appendix C for proof). The
coupled photon-charge density oscillation that is described by the dispersion relation in Equation
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B.47 is known as a Surface Plasmon Polariton or simply an SPP. It is interesting to note that this
phenomenon can only occur at frequencies below the plasma frequency ωp, which means that SPPs
are actually lower energy than bulk plasmons. In fact, for an air/gold interface the limiting value
for the SPP dispersion occurs as the real part of the gold dielectric function approaches -1, resulting
in a maximum SPP frequency of ωp√
2
. The SPP dispersion is plotted for an air/gold interface using
different dielectric function models in Figure 2.4.
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Figure 2.4: Surface Plasmon Polariton Dispersion Relation at Air/Au interface
Because the SPP dispersion relation is based solely on the real part of the dielectric function of
gold ′(ω) (and not the imaginary part ′′(ω)) there is strong agreement between all models. It is
obvious from this plot that the SPP dispersion lies below the light line (also plotted in Figure 2.4).
Because the SPP dispersion relation does not lie within the light cone, SPPs can not be directly
excited by photons. To couple photons to SPPs, or to optically excite SPPs there is a need for
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some sort of coupling device which will be discussed in following sections.
2.2.1 Comparison of SPP Properties with Different Dielectric Function Models
As discussed in the previous section, SPPs propagate along the surface of the air/gold interface,
and decay exponentially into both media. The skin depth in both media can be defined as (see
Appendix D for derivation):
zˆAir =
λ
2pi
√
′1(ω) + 2
22
(2.18)
zˆAu =
λ
2pi
√
′1(ω) + 2
′1(ω)2
(2.19)
Where the skin depth is the distance that it takes the electric field to decay by 1e , or ≈ 37%.
The skin depth into both air and gold are plotted in Figures 2.5 and 2.6, respectively.
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Figure 2.5: Skin Depth in Air Versus Wavelength
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Figure 2.6: Skin Depth in Gold Versus Wavelength
Again, these quantities are plotted using all discussed models for the dielectric function of gold.
It is apparent that the skin depth in metal is much shorter that the skin depth in air. The skin
depth of the SPP in gold will be an important figure of merit in the design and fabrication of
plasmonic structures which will be discussed in later sections.
Another interesting property of SPPs is their propagation length, which is the average length
that the SPP will propagate along the surface before decaying to 1e . The SPP propagation length
can be defined as (see Appendix E for full derivation):
L =
1
2k′′sp
(2.20)
Where k′′sp is the SPP attenuation defined by Equation B.48. The propagation length for
different dielectric function models of gold is plotted in Figure 2.7.
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Figure 2.7: Propagation Length Versus Wavelength
It can be seen that SPPs at an air/gold interface have the ability to propagate relatively large
distances, as large as 10 µm in the NIR. Even longer propagations lengths approaching 1 mm can
be achieved at an air/silver interface, which is one of the reasons that SPP’s are predicted to be
the next chip scale technology [1]. The propagation length is dependent on the imaginary part of
the dielectric function of gold ′′(ω), so there is a rather significant difference between the values
predicted by different models. Fortunately, the propagation length is not a vital figure of merit
for designing any of the devices which will be present in later sections. Instead, it is more of an
interesting property of SPPs that shows how potentially useful they can be in developing new high
speed small scale circuitry.
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2.3 Coupling Photons to Plasmons
Inspecting the SPP dispersion relation reveals that a SPP cannot be directly excited by a photon
because the dispersion relation does not lie within the light cone. There are other ways to directly
excite SPPs, such as using an electron beam [46], but it is desirable to use optical excitation since
photons are much more accessible than focused electron beams. In order to couple a photon to
a SPP it would require the SPP dispersion to be moved within the light cone, or for the photon
to be given some change in k that would allow it to couple to the SPP dispersion. Both of these
scenarios can be achieved; the first by an Attenuated Total Internal Reflectance (ATR) setup, and
the second by periodic grating structure, such as Bragg grating, to act as a super lattice. The
operation of both of these mechanisms will be discussed in detail in the following sections.
2.3.1 ATR Method
The ATR setup is shown in Figure 2.8.
Figure 2.8: Attenuated Total Internal Reflectance Setup
The basic operating principle of the ATR device is based on total internal reflectance, the same
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mechanism used in fiber optic cables. The laser beam enters the prism at an angle greater than
the critical angle for total internal reflectance, thus reflecting off of the thin metallic coating on the
top side of the prism, and subsequently exits the prism. If the metallic coating on the top side of
the prism is sufficiently thin (i.e. smaller than a couple of skin depths) then the evanescent wave
of the reflected beam will essentially tunnel through the metal. At some specific angle of incidence
the evanescent field will couple to a SPP resonance at the air/metal interface which occurs when
the modified kx at the prism/metal interface is equal to the SPP dispersion k′sp:
kx =
√
1
ω
c
sin θ0 =
ω
c
√
′Au(ω)
′Au(ω) + 1
= k′sp (2.21)
Where 1 is the dielectric constant of the prism, θ0 is the angle of incidence upon the metal
film, ′Au(ω) is the real part of the gold dielectric function, and 2 is the dielectric constant of air
(assumed to be 1). The coupling process in this device is analogous to bending the light line to
move the SPP dispersion into the light cone, as is shown in Figure 2.9 where the light line is now
ω = ck√1 sin θ0 rather than ω = ck. The dispersion in Figure 2.9 is plotted using the Drude-Lorentz
model for the dielectric function of gold.
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Figure 2.9: SPP dispersion with ATR Modified Light Line, θ0 = 45◦
Figure 2.9 shows that the light line now intersects the SPP dispersion at the point where
Equation 2.21 is satisfied, allowing for an angularly dependent coupling. The ATR configuration
is an easy way to excite SPPs; however in many cases it can be difficult to construct if structures
need to be fabricated on the top side of a prism. Even with this limitation, the ATR setup has
been successfully implemented for many real world application such as bio sensing [17] simply by
depositing a thin film of metal. When using a monochromatic source, such as the laser shown
in Figure 2.8, the SPP coupling will only happen at a specific angle. If the laser is fixed at this
angle then the internally reflected beam will be at a minimum value as compared to any other
angle of incidence. When the beam is at the exciting angle the coupling becomes sensitive only to
the dielectric constant 2 at the air/gold interface. Small changes in 2 will drastically affect the
reflected power measured out of the prism, which makes this system ideal for very sensitive optical
detection and bio sensing.
22
2.3.2 Coupling Via Bragg Grating
An alternative approach to optically exciting SPPs with the ATR setup is coupling via a Bragg
grating structure. The Bragg grating structure provides a change in wave vector ∆kx based on the
periodicity of the gratings used, shown in Figure 2.10.
Figure 2.10: Bragg Grating Coupling Configuration
The effective kx of light impinging upon a Bragg grating is equal to the x component of the
incident light, which is dependent upon the angle of incidence and the frequency of the light, plus
or minus the change in wave vector provided by the periodic grating structure. The change in wave
vector allows for photons to be scattered out of the light cone and to couple to a SPP at a specific
energy. The coupling occurs when the effective wave vector kx is equal to the SPP dispersion k′sp:
kx =
ω
c
sin θ0 ±∆kx = k′sp (2.22)
Where the change in wave vector ∆kx is equal to ng with n being an integer, g being the
reciprocal lattice vector of the grating periodicity a such that g = 2pia , and θ0 is the angle of
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incidence. The wavelength of light to be coupled can be solved for by equating kx and k′sp:
kx =
ω
c
sin θ0 ± ng = ω
c
√
′Au(ω)
′Au(ω) + 1
= k′sp (2.23)
Which can be rearranged to find the coupling wavelength as a function of incident angle:
±nλ = a
√
′Au(ω)
′Au(ω) + 1
− a sin θ0 (2.24)
The coupling wavelength as a function of incident for a grating pitch of a = 850 nm is plotted
in Figure 2.11 for the first five orders of the Bragg grating by using the Drude-Lorentz model for
the dielectric function of gold.
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Figure 2.11: Angle of Incidence Versus Coupling Wavelength
It can be seen that the coupling wavelength is strongly dependent on the angle of incidence,
and that it approaches zero as the incident light approaches a grazing angle. The significance of
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this angular dependence is that the coupling wavelength can be easily controlled simply by varying
the angle of incidence.
Now, assuming normal incidence the wavelength coupling equation can also be used to solve for
coupling wavelength as a function of grating periodicity:
λ =
a
n
√
′Au(ω)
′Au(ω) + 1
(2.25)
The coupling wavelength as a function of grating periodicity is plotted in Figure 2.12 for the
first five orders of the Bragg grating by using the Drude-Lorentz model for the dielectric function
of gold.
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Figure 2.12: Grating Pitch Versus Coupling Wavelength
The coupling wavelength is directly proportional to the periodicity, or the pitch, of the Bragg
grating. Unlike the incident angle, it is not feasible to vary the grating periodicity in real time since
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it is fixed at the time of fabrication. This makes the choice of grating periodicity important for
determining the maximum desired coupling wavelength (which would occur at normal incidence)
leaving the possibility of changing the coupling wavelength limited to varying the incident angle of
excitation at the time of experimentation. There are multiple combinations of angle and grating
pitch that can produce coupling at the same wavelength, so the design parameters are completely
dependent on fabrication and experimental setup constraints. The coupling wavelength as a func-
tion of both grating pitch and incident angle is shown in Figure 2.13, where the trade off between
grating pitch and incident angle can be clearly seen for any given desired coupling wavelength.
Again, the Drude-Lorentz model is used for the dielectric function of gold.
600
800
1000
1200
1400
1600
0
20
40
60
80
100
0
200
400
600
800
1000
1200
1400
1600
θ0 (deg)
Coupling Wavelength Versus Grating Pitch and Angle of Incidence n = 1
Grating Pitch a (nm)
Co
up
lin
g 
W
av
el
en
gt
h λ
 
(nm
)
Figure 2.13: Grating Pitch and Angle of Incidence Versus Coupling Wavelength
The Bragg grating coupling scheme has been used extensively for SPPs, especially for Surface
Enhanced Raman Spectroscopy (SERS) [8]. These grating structures have also been used in con-
junction with the ATR setup mentioned before to explore different coupling effects [28]. In the
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following chapter the design, fabrication, and testing of these Bragg grating structures for SPP
coupling will be presented and discussed, and the theory outlined in this chapter will be applied to
the physical realization of such structures.
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Chapter 3: SPP Bragg Grating Devices
3.1 Theoretical Design
The SPP Bragg grating devices are designed using the coupling equation described in the previous
chapter. Gratings are fabricated on pieces of Silicon Dioxide (SiO2) coated Silicon (Si) wafers and
a thin layer of gold is subsequently evaporated onto the substrate to form the air/gold interface
necessary for the excitation of SPPs. Devices with grating periodicities of a = 700 nm, 766 nm, 850
nm, 930 nm, 1000 nm, 1020 nm, and 1130 nm are fabricated and tested in the following sections.
Two different grating geometries are fabricated: Linear and Circular. The difference between these
two geometries will be discussed presently.
3.1.1 Linear Versus Circular Gratings
The coupling equation discussed in Chapter 2 (Equation 2.23) only accounts for a one dimensional
dispersion relation derived from a two dimensional interface. In real devices the air/gold interface
will be three dimensional, where as the interface shown in Figure 2.10 is only a two dimensional
cross-section of the physical interface. When fabricating these Bragg grating structures the two
dimensional cross-section of a grating can be extended to three dimensions in one of two ways:
either by extending the grating linearly in the third dimension (i.e. pull it out of the page), or
by rotating the cross-section about its center. The first extension gives a linear grating structure
while the second extension gives a circular grating structure. The main difference in the operation
of these two grating structures is their sensitivity to the polarization of the light being coupled. As
is proven in Appendix C, SPPs can only exist in TM polarization. The linear grating structure will
maintain this polarization dependence, while the circular grating can couple to any polarization
of light as long as there is some component of the E-field along the radius of the circle. Both
structures are viable alternatives and the use of grating type will depend on the application. If it
is desirable to have a polarization dependent sensor, then the linear grating would be the better
option. If white light, randomly polarized light, or circularly polarized light are being used then it
will probably be more desirable to use a circular grating. The fabrication of these grating structures
consists of five main steps and is the same for both linear and circular grating configurations.
3.2 Fabrication
Both linear and circular gratings are fabricated using Electron Beam Lithography. This fab-
rication technique allows for large arrays of the grating structures to be written, despite their
remarkably small feature sizes (on the order of hundreds on nanometers). The Electron Beam
Lithography fabrication procedure is broken down into the five following steps:
1. Spin Coat: The first step in the fabrication process begins by cleaning a piece of SiO2 coated
Si wafer. The choice of substrate will not affect device operation, thus SiO2 is used because it
is cheap; the operation of these devices should depend only on the gold that will be deposited
later. Cleaning is performed by sonicating the wafer for five minutes first in acetone, then in
isopropyl alcohol, and finally in deionized water. After sonication, the sample is cleaned in
oxygen plasma for two minutes. Once the sample is thoroughly cleaned it can be spin-coated
with resist. The resist used is 950K PMMA spun at 6,000 revolutions per minute for thirty
seconds. The sample is baked for 2 hours at 200◦C to set the resist. The end result of this
step is a SiO2 substrate covered with a thin coating of PMMA, shown in Figure 3.1.
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Figure 3.1: Spin Coat Resist
2. Lithography: Once the wafer is coated in PMMA, patterns can be written onto the wafer by
exposing the resist to a focused electron beam. This is commonly referred to as Electron Beam
Lithography, or simply E-beam Lithography. The SPP Bragg grating structures are fabricated
using an AMRAY Scanning Electron Microscope (SEM) controlled by a computer running the
Nano Pattern Generation System (NPGS) software and DAC controller board. The structures
are designed by creating CAD files which are interpreted by the NPGS software. The NPGS
software uses the DAC controller board to take control of the SEM’s electron beam which will
then write the pattern by exposing the resist to the electron beam in the desired places. After
the patterns are written the sample must be developed in a solution of 3:1 isopropyl alcohol to
MBIK (methyl-isobuthylketone) for 70 seconds. The development process effectively removes
the resist that has been exposed to the electron beam, leaving the sample in the state shown
in Figure 3.2.
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Figure 3.2: E-Beam Lithography
3. Metallization: Now that the patterns have been written into the resist, metal must be
deposited onto the sample. The metal deposition is achieved by placing the sample in a
vacuum chamber and, subsequently, applying a current to heat a crucible of metal until it
begins to evaporate. The evaporation rate is monitored with a calibrated crystal sensor which
can be used to control the film deposition thickness with a high degree of accuracy. First, a
thin layer of chromium is deposited for adhesion, typically 5 to 10 nm, followed by the gold
deposition. The thickness of this first deposition determines the corrugation height of the
Bragg grating structure, which is chosen to be 100 nm. The first metalization used for all of
the SPP Bragg grating coupling devices is a 5 nm chromium deposition followed by a 95 nm
gold deposition resulting in the sample shown in Figure 3.3
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Figure 3.3: Gold Deposition
4. Lift-off: Following the first gold deposition all of the remaining PMMA needs to be removed
to leave the structures that were written with the E-beam. Removal is achieved by soaking
the sample in acetone for an extended period of time. It is possible to speed up the process
with sonication, but it is not necessary. The acetone dissolves the PMMA, effectively lifting
off the gold in all the areas where the PMMA was not exposed to the E-beam. When the
lift-off process is finished it leaves the structure shown in Figure 3.4. Notice that the lift-off
process leaves a pattern of metal which is exactly the same as the pattern written in the
PMMA. Because PMMA is removed when exposed to the E-beam (rather than PMMA being
removed from all areas not exposed to the E-beam), the pattern left in the PMMA is the
same as the pattern actually being written – hence PMMA being known as a positive resist.
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Figure 3.4: Lift-off PMMA
5. Second Metallization: Now that the corrugations have been fabricated, the entire substrate
must be coated in gold to isolate the optical properties of the metallic Bragg grating from
those of the substrate and to allow for SPPs to be produced at the surface. To ensure that the
Bragg gratings are optically isolated from the substrate, the second gold deposition must be
substantially thicker than the skin depth of gold. The second deposition thickness is chosen to
be 100 nm, which is between 3 to 4 skin depths (depending on the frequency of excitation, see
Figure 2.6). Therefore the transmission of light through the gold to the substrate is between
3% and 5% at the thinnest part of the structures, which is sufficiently small. The process
used for the second gold deposition is exactly the same as the first, except that no adhesion
layer is used. The final structure after the second gold deposition is shown in Figure 3.5
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Figure 3.5: Second Gold Deposition
SEM images of fabricated SPP coupling Bragg structures are shown for linear gratings in Figure
3.6 and for circular gratings in Figure 3.7.
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Figure 3.6: Fabricated Linear SPP Grating Structures: a) a typical linear grating structure a = 1 µm, b)
a close-up of the edge of the corrugations, c) a large array of linear gratings, d) a second close-up of a linear
grating structure
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Figure 3.7: Fabricated Circular SPP Grating Structures: a) Tilted view of an array of circular lenses a =
1130 nm, b) a close-up of 1 circular grating structures a = 850 nm, c) a large array of circular gratings, a =
700 nm, d) another large array of circular gratings a = 1130 nm
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3.3 Normal Reflectance Measurements
Reflectance spectra of the gratings are taken from λ = 750 nm to λ = 1050 nm at normal
incidence for a number of different grating periodicities. The grating periodicities examined are a
= 766 nm, 850 nm, 930 nm, and 1020 nm, which are chosen such that the first order of coupling
n = 1 lies within the wavelength range of testing. It is expected that the reflectance of a given device
will decrease significantly at its SPP coupling wavelength. The purpose of the normal reflectance
measurement is to find the dip in the reflectance spectrum due to SPP coupling and to confirm
that it occurs at the wavelength predicted by the grating coupling equation.
The results of normal reflectance measurements performed both in simulation and experiment
are compared. The experimental measurements are performed only on the circular grating struc-
tures, while the simulation is performed on a two dimensional cross-section of a grating structure
(meaning that the grating type is ambiguous).
3.3.1 Simulated Normal Reflectance
The normal reflectance measurement is simulated using the MIT Electromagnetic Equation Prop-
agation (MEEP) simulator, which is an open source Finite-Difference Time-Domain (FDTD) simu-
lation tool. The simulation is performed on a two dimensional cross-section of the grating structure
shown in Figure 3.8.
Figure 3.8: 2D FDTD Simulation Topography
The grey area under the gratings is the SiO2 substrate modeled with a dielectric constant of
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12. The gratings themselves are shown in black, and are modeled using the Drude-Lorentz model
dielectric function as discussed in Chapter 2. The Drude-Lorentz model is chosen because it is more
accurate than a simple Drude model, but much easier to implement than the Drude with interband
transitions model. The implementation issue is actually a limitation of the MEEP simulator because
it only supports Lorentzian line shape functions. Although it is possible to implement the Drude
with interband transitions dielectric function in MEEP, either by approximating it with a large
number of Lorentzian oscillator terms or by modifying the MEEP code itself, the Drude with
interband transitions model does not offer any great improvement in accuracy over the Drude-
Lorentz model (as seen in the comparisons performed in Chapter 2). If the optical frequencies
of interest had been in the UV region of the spectrum there may have been some advantage to
using the interband transition terms rather than the simple Lorentz oscillator term; however, in the
visible and NIR regions of the spectrum the comparisons show that the difference in the models is
negligible, especially for quantities depending only on the real part of the dielectric function ′(ω)
such as the coupling wavelength.
The cell dimensions for the simulation topology shown in Figure 3.8 are defined to be 3 µm in
the y direction and 17.2 µm in the x direction. For each simulated grating periodicity the same
cell dimensions, source, and flux width are used. Perfectly Matched Layers (PMLs) are placed 100
nm thick on all four walls of the simulation cell to negate the effect of artificial reflections from the
simulation cell boundaries, and to ensure convergence.
The simulation is performed by exciting the sample with a broadband Gaussian frequency
source, which is equivalent to a short impulse in the time domain. After the source is turned on,
the reflected flux through the specified area is measured as a function of time until the flux decays to
one one-thousandth of its original value. The Fourier Transform of the measured impulse response
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gives the reflectance spectrum of the system. Rather than exciting with a white light source to
get the reflectance spectrum, the Fourier Transform of the impulse response is taken because the
simulation runs in time domain. The large frequency content of the short time pulse is sufficient for
extracting the reflectance spectrum, while the time it takes to run the simulation is much shorter
for a pulsed source rather than a continuous source.
The source is defined spatially to be the width of the simulation cell in the x direction, and
to have no size in the y direction while being placed 1.2 µm above the gratings. For maximum
coupling, the source is polarized with the ~E field in the x direction. The flux is measured 800 nm
above the top of the gratings, where the flux width is the entire length of the simulation cell in
the x direction. The reflected flux is found by taking the total flux through the flux width and
subtracting the incident flux through the same width. This requires a second run with the same
simulation cell size, source, and flux width measurement, but the cell must be empty to find solely
the incident flux through the defined flux width.
The reflectance spectrum must be normalized to the Gaussian source and to the reflectance
of flat gold to obtain the reflectance caused only by the gratings. The normalization is achieved
by running the simulation a third time, now without gratings. The reflectance spectrum from the
simulation with gratings is divided by the reflectance spectrum of the simulation without gratings
to give the final result.
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Figure 3.9: 2D FDTD Simulation Topography without Gratings for Normalization
3.3.2 Measured Normal Reflectance
Normal reflectance measurements are performed on the large arrays of circular lenses shown in
Figure 3.7. The experiment is performed on the circular grating structures rather than the linear
grating structures because the source used for the spectral sweep is a monochromater rather than
a laser. The monochromater produces a single wavelength of light from a broadband source by
using a diffraction grating to separate the spectral content of the source. Adjusting the angle of
the diffraction grating causes the single wavelength of light emitted from the monochromater to be
adjusted similarly. The broadband source used in this experiment is a Xenon lamp, which produces
an adequate amount of light in the NIR. Even though the monochromater is only emitting at a
single wavelength, it is different from a laser because the monochromater is tuneable over a wide
range of frequencies, not coherent, and randomly polarized. It is possible to create a tuneable
laser by using a variable cavity dye laser, or by mode locking, but both of these instruments are
still only tuneable over tens of nanometers in wavelength. The randomly polarized nature of the
monochromater source is the reason that the circular gratings are chosen over the linear gratings,
because the circular gratings are polarization independent. The experimental setup for the normal
reflectance measurements is shown in Figure 3.10.
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Figure 3.10: Experimental Setup for Normal Reflectance Measurements
An automated reflectance spectrum is taken using LabVIEW to change the monochromater
wavelength and then collect the detected power from the photodetector at that wavelength. As the
monochromater is swept from λ = 750 nm to λ = 1050 nm, the photodetector signal is recorded at
each wavelength to recreate the spectrum. The photodetector is measured using a lock-in amplifier,
which modulates the incident light using an optical chopper wheel and driver. The lock-in amplifier
is connected to the chopper driver so that the frequency of modulation is known, and a phase locked
loop is created with the incoming electrical signal (modulated at the same frequency as the optical
signal). A phase locked loop is used because the reflected signal is relatively weak and said loop
allows for a more accurate detection.
As can be seen from Figure 3.10 the light comes into the system through a beam splitter and is
reflected down into an objective which focuses the light onto the sample. After the objective, the
incoming light is modulated by the optical chopper and is then incident upon the sample. Once
the light reflects off the sample it travels back through the optical chopper and objective. The
41
modulation introduced by the optical chopper is extremely low frequency, on the order of hundreds
of hertz. It is assumed that the light can make two passes through the chopper, both incident
and reflected, without the low frequency modulation being affected. The reflected beam comes
out of the objective collimated, and, since the objective is infinity corrected, travels back through
the beam splitter and onto the photodetector. The photodetector signal is then measured using
the lock-in amplifier and recorded on the computer. The process is repeated for every step of the
sweep.
In order for this setup to work, the monochromater beam must be focused through the objective
onto the actual sample. Focusing is achieved by removing the photodetector and replacing it with
a CCD array that is connected to a CRT monitor. The monochromater diffraction grating can
be removed to allow the white light from the Xenon lamp to pass straight through, which gives a
stronger signal for aligning the setup. The sample is moved until the grating structures are seen in
the CRT, and the objective is brought closer to focus the beam onto the sample. A picture taken
from the CRT is shown in Figure 3.11, which gives a good estimate of the spot size being used for
the normal reflectance measurement.
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Figure 3.11: CRT Image of Spot Size on Sample
Once the beam is positioned and focused on the correct area of the sample the diffraction
grating is put back in the beam path and the photodetector is returned to its previous position.
The reflectance spectrum is then taken for that particular sample.
Neither the Xenon lamp, the objective, the photodetector, nor the beam splitter has a flat
frequency response. To compensate for the overall system response the reflectance measurements
must be normalized by taking the reflectance spectrum of an area of the substrate which is covered
in gold, but without gratings. The reflectance spectrum of the gratings is then divided by the
reflectance spectrum of just the gold to remove the reflectance response of both the system and
of the gold itself. The resulting normalized reflectance spectra originate solely from the light
scattered by the gratings. To account for noise in the measurement and imperfections in the
samples, reflectance spectra are taken on four different arrays of gratings of the same periodicity,
and each spectrum is normalized to two different gold reflectance spectra taken at different places
on the substrate. Repeating the experiment multiple times on a number of different samples makes
the general character of the grating reflectance spectra very apparent, even if there are variances
due to device and measurement imperfections.
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3.3.3 Comparison of Simulation and Measurement
The simulated and measured normal reflectance spectra for devices with grating periods a = 766
nm, 850 nm, 930 nm and 1020 nm are shown in Figures 3.12, 3.13, 3.14 and 3.15, respectively.
Using the grating coupling equation discussed in Chapter 2, the coupling wavelengths for the first
order of each Bragg grating periodicity at normal incidence can be calculated as λ = 785 nm for a
= 766 nm, λ = 866 nm for a = 850 nm, λ = 944 nm for a = 930 nm, and λ = 1032 nm for a =
1020 nm.
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Figure 3.12: Comparison of Simulated and Experimentally Measured Reflectance a = 766 nm, λcoupling
= 785 nm (the different color plots of experimental data represent different measurements normalized to
different areas of the substrate, a large ensemble is taken to find a general trend)
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Figure 3.13: Comparison of Simulated and Experimentally Measured Reflectance a = 850 nm, λcoupling
= 866 nm (the different color plots of experimental data represent different measurements normalized to
different areas of the substrate, a large ensemble is taken to find a general trend)
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Figure 3.14: Comparison of Simulated and Experimentally Measured Reflectance a = 930 nm, λcoupling
= 944 nm (the different color plots of experimental data represent different measurements normalized to
different areas of the substrate, a large ensemble is taken to find a general trend)
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Figure 3.15: Comparison of Simulated and Experimentally Measured Reflectance a = 1020 nm, λcoupling
= 1032 nm (the different color plots of experimental data represent different measurements normalized to
different areas of the substrate, a large ensemble is taken to find a general trend)
The simulated and measured reflectance spectra are in remarkably close agreement for all grating
periodicities. The simulations confirm that the experimental data is valid, and that the fabricated
grating structures are fairly close to ideal. However, the effects of SPP coupling on reflectance
are subtle in these spectra. Both the simulated and measured reflectance spectra for a = 766 nm
show a small dip in reflectance at around the predicted wavelength of λ = 785 nm. The measured
and simulated reflectance spectra for a = 930 nm, and a = 1020 nm both show dips in reflectance
near their predicted wavelengths as well. For a = 850 nm the simulated reflectance spectrum
does not show any dip at the predicted wavelength, but the measured reflectance spectrum does.
It is also apparent from these spectra that the change in reflectance due to SPP coupling varies
greatly between periodicities and between simulation and measurement. Although the magnitude
of coupling is not explicitly calculated in the coupling equation, it is plausible that photons with the
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correct kx should completely couple to an SPP, resulting in a rather significant change in reflectance.
The difficulty in analyzing these results comes from the reflectance spectra not being flat for the
gratings. The large fluctuations in the reflectance spectra are mainly due to Mie scattering, which
occurs because the size of the gratings is on the order of the wavelength of light being used to
measure the reflectance. The Mie scattering effects combine with the SPP coupling effects making
it difficult to discern one from the other. In order to more clearly see the effects of SPP coupling,
angular reflectance measurements are performed on the linear gratings.
3.4 Angular Reflectance Measurement
Angular reflectance measurements are performed on the linear gratings using the experimental
setup shown in Figure 3.16.
Figure 3.16: Experimental Setup for Angular Reflectance Measurement
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The gratings are excited using a Helium Neon laser with a wavelength of λ = 633 nm. The
advantages of using the HeNe laser are bifold: first, that it is monochromatic, so there is no need to
normalize for the reflectance spectrum of the gold, and, second, it’s linearly polarized as the beam
exits the laser cavity. The linearly polarized light from the laser is put through a quarter-wave
plate which circularly polarizes the light. The circularly polarized light is then passed through an
adjustable linear polarizer, which can be used to control the direction of light polarization. Having
the ability to control the polarization of the incident light allows for the angular reflectance to be
measured using both TM and TE polarization modes. The experiment is performed on the linear
gratings because of their polarization dependence. If the reflectance as a function of angle differs
between the different polarizations of light, then the effect can only be SPP coupling. Neither Mie
scattering nor Bragg diffraction are polarization dependent, which leaves SPP coupling as the only
possible physical phenomenon that could cause a polarization dependent change in the reflectance
as a function of angle for a single wavelength.
Before going through the quarter wave plate and the linear polarizer, the beam is passed through
a Galilean beam expander which consists of a plano-concave lens and a plano-convex lens. The
distance between the two lenses is used to control the expansion ratio. The beam is expanded to
completely fill the back aperture of the objective which achieves the tightest focusing of the laser
beam onto the sample. The beam is focused onto an individual set of gratings by monitoring the
image of the surface which appears in the reflected beam. The image is monitored by simply placing
a piece of white paper in front of the reflected beam and adjusting the rotational mount until the
gratings can be seen. The objective is then brought closer until the sample is in the focal plane.
The sample must be carefully aligned at the center of the rotational mount so that the beam does
not move across the sample as the angle is adjusted. The angle is measured using a Vernier scale
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provided on the side of the rotational mount, and the reflected beam intensity is measured using
an optical power meter.
The angular reflectance measurement is performed on a set of linear gratings with periodicity
a = 1 µm for angles between 17.5◦ and 30.5◦. Solving the grating coupling equation for 633 nm
excitation yields a predicted coupling angle of 22.3◦. The reflectance is normalized by dividing every
point by the maximum value measured for that particular experiment. The normalized reflectance
as a function of angle is shown in Figure 3.17 for both TM and TE modes.
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Figure 3.17: Angular Reflectance Measurement
It can be seen from Figure 3.17 that the reflectance changes as a function of angle, and that
it does so more profoundly with TM mode excitation as compared to TE mode excitation. Fur-
thermore, the minimum reflectance value for TM mode excitation occurs at 23.1◦, which is within
less than one degree of the predicted angle for SPP coupling. This is definitive evidence that SPP
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coupling has occurred. The broadness of the peak can be explained by the use of the objective.
Because the objective is focusing the beam, the gratings are actually being excited at a number of
angles simultaneously, rather than by one single angle. The objective used has a relatively large
numerical aperture, which increases the number of angles exciting the sample from the objective
as compared to an objective with a smaller numerical aperture.
Now that the gratings have been successfully designed, fabricated, and tested they are used to
enhance the responsivity of a standard MSM photodetector. The gratings are applied to the MSM
design with full confidence in the fabrication technique, and the theory that governs the Bragg
grating coupling structure.
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Chapter 4: Surface Plasmon Enhanced MSM Photodetectors
The waveguiding and field enhancement properties of SPPs make the SPP coupling Bragg grat-
ings a useful tool for enhancing the sensitivity of a photodetector. A number of structures have
been designed, some simulated and some fabricated, using the SPP coupling Bragg grating for en-
hanced performance (as reviewed in Chapter 1). In this chapter the SPP coupling Bragg grating is
applied to a metal-semiconductor-metal (MSM) photodetector. The advantages of using an MSM
are that it has a fast time response and a very low dark current, as compared to other types of
photodetectors. The time response of this device is limited by the transit time of photogenerated
carriers to the metallic contanct pads. Unfortunately, the transit time of carriers through the de-
vice is strongly dependent upon the distance between the metallic contact pads, which also defines
the active area of the device. The effects of the contact pad spacing on MSM device operation
cause a trade off between its speed and sensitivity. Applying SPP coupling gratings to the metal
contacts of the MSM results in a fast device with an increased sensitivity, effectively compensating
for the speed/sensitivity trade off of the standard MSM device. Similar devices have been shown
in simulation [25], [27], but neither device has been fabricated. Furthermore, the SPP enhanced
MSM devices presented in literature are impractical for actual fabrication and usage because of
their extremely small active areas and features sizes, as will be seen in the proceeding sections.
A two dimensional cross section of the device geometry for the SPP enhanced MSM device is
simulated using MEEP, similar to the SPP coupling Bragg gratings seen in Chapter 3. Different
dimensions of the device geometry are varied parametrically in simulation to maximize the flux per
unit width into the active area of the photodetector. The devices are designed with gold contacts
on a GaAs substrate with the SPP coupling wavelength optimized for the peak absorption edge
of GaAS at λ = 830 nm, and the optimized device is fabricated using E-beam lithography. The
design and fabrication of these devices are presented, beginning with the basic operating principles
of a standard MSM photodetector.
4.1 MSM Operation
The band structure of a standard MSM photodetector under bias is shown in Figure 4.1, with a
cross section of the physical planar device shown below.
Figure 4.1: Band Diagram and Physical Cross Section of a MSM Device
The device works by applying a bias (shown as V in Figure 4.1) across the two gold contacts.
The semiconductor active area is an intrinsic GaAs substrate with a direct band gap of 1.42 eV.
Depending on the temperature the peak absorption edge of GaAs is just above the band gap;
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somewhere between λ = 830 nm and λ = 870 nm. The contacts form two Schottky barriers with
the GaAs to block current from flowing which is the cause for the extremely low dark current
that is observed in MSM devices. Even with a bias applied, the barriers formed by the blocking
contacts restrict large amounts of current from flowing. The dark current for MSM photodetectors
is typically on the order of picoamps, which is primarily due to thermionic emission current over the
Schottky barrier [68]. When photo-generated carriers are produced in the GaAs active region the
electrons are swept to the higher potential contact, and the holes are swept to the lower potential
contact, under the high applied field. The collected carriers constitute a current which is the basis
for the MSM photodetection mechanism. The limiting factor in the time response of these devices
is the transit time for photogenerated carriers to reach the contacts. Decreasing spacing between
the contacts results in a decrease in carrier transit time, but it also results in a decrease in the
size of the active area. The decreased transit time will allow for a faster time response, but the
decreased active area will cause a decrease in sensitivity (the current produced for a certain optical
power, in AW ). The contact spacing is the origin of the trade off between speed and sensitivity seen
in standard MSM devices.
The solution to the speed/sensitivity trade off is to fabricate a SPP coupling Bragg grating on
the two metal contacts to effectively waveguide photons that would normally be reflected from the
contacts into the active area of the substrate. The SPP coupling Bragg grating allows for an increase
in sensitivity without having to sacrifice device speed. For the MSM devices presented, the contact
pad spacing (referred to as the gap) is on the order of 1 µm. In standard MSM photodetectors
with the same gap spacing, time responses of 20-50 GHz have been reported [68]. The following
sections show that the transmitted flux into the active area of the 1 µm gap MSM devices can be
increased by the addition of SPP Bragg coupling gratings.
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4.2 Theoretical Design
The grating is designed for a coupling wavelength of λ = 830 nm, which corresponds to a grating
periodicity of a = 814 nm (from the grating coupling equation in Chapter 2, Equation 2.23). A
two dimensional cross section of the device is simulated with MEEP using the FDTD method to
find the field enhancement of the gratings. The simulation topology is shown in Figure 4.2, where
the black area is GaAs modeled with a dielectric constant of  = 12, the grey area is gold modeled
with the Drude-Lorentz dielectric function, and everywhere else is air.
Figure 4.2: Simulated MSM Device
Again, a Gaussian broadband frequency source is used to excite the device, and the flux is
measured through the gap at the interface between the air and the GaAs (shown as a blue line
in Figure 4.2) in time domain. The Fourier Transform of the measured flux is taken to produce
the transmission spectrum into the active area. Normalization is achieved by simulating each
device twice: once with gratings, and once without. The measured flux of the device with gratings
is divided by the measured flux of the device without gratings giving a normalized transmission
spectrum with units that we will call Enhancement Factor. The Enhancement Factor gives a
concise expression for the increase in transmitted flux into the active area for the same device with
and without gratings.
The size of the simulation cell is defined as 3 µm in the y direction, and 850 nm past the
last corrugation on each side of the contact in the x direction. The device is designed with 10
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grating periods on each contact, which makes the simulation cell size approximately 190 µm in the
x direction, depending on the gap spacing. Similar to the SPP coupling Bragg grating simulations,
all four walls of the simulation cell are terminated with 100 nm thick perfectly matched layers
(PMLs). To achieve the maximum transmission per unit length for the device shown, the geometry
is optimized via simulation.
Three parameters of the SPP enhanced MSM geometry are optimized: the grating height, the
grating duty cycle, and the gap spacing. Each parameter is varied over a certain range of values
with all other parameters held constant. The grating duty cycle is defined as the width of the
metallic gratings for a given periodicity, and is expressed in terms of percentage of the period taken
up by the grating. The value of each parameter that gives the maximum transmitted flux per
unit width will be used for the final optimized device. The optimized device is simulated with and
without gratings to find the increased transmission due to SPP enhancement.
4.2.1 Grating Height Optimization
The grating height is increased from 10 nm to 400 nm in steps of 10 nm, as shown in Figure 4.3.
The contact pads are made to be 100 nm high, the grating duty cycle is held at 50%, and the gap
is 814 nm wide for all of grating height optimization simulations.
Figure 4.3: Grating Height Optimization
The transmission spectrum into the active area is simulated for each value of the grating height,
as shown in Figure 4.4.
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Figure 4.4: Transmission Spectra with Varying Grating Heights, Shown at 4 Different Perspectives
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The recorded transmission spectra make it apparent that the grating height has a significant
impact on the amount of flux transmitted into the active area. Another intriguing observation that
can be made about these spectra is that the wavelength of the maximum transmitted flux is not at
exactly λ = 830 nm for every spectrum, despite the calculations made from the grating coupling
equation. The effects of the grating height on the transmitted flux into the active area are made
more clear by plotting the value of the maximum Enhancement Factor as a function of the grating
height, shown in Figure 4.5. The wavelength of the maximum Enhancement Factor for each grating
height is plotted to help elucidate the effects of grating height on coupling wavelength, shown in
Figure 4.6.
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Figure 4.5: Maximum Enhancement Factor Versus Grating Heights
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Figure 4.6: Wavelength of Maximum Enhancement Factor Versus Grating Heights
The greatest maximum Enhancement Factor occurs when the gratings are 100 nm, as seen
from Figure 4.5. This maximum occurs at 840 nm, which is not the design wavelength of the
gratings. However, this shift in wavelength still falls within the absorption range of GaAs and will
be accepted for the sake of increasing the transmission into the active area. The wavelength shift
of the maximum Enhancement Factor is a noteworthy phenomenon that illustrates the deficiencies
of the over-simplified grating coupling equation.
4.2.2 Grating Duty Cycle Optimization
The grating duty cycle is defined as the percentage of the grating period filled by the actual
grating. For a grating periodicity of a = 814 nm, a grating width of 814 nm would correspond to
a grating duty cycle of 100%. The grating duty cycle is varied from 0% to 100% in steps of about
1.5%, shown in Figure 4.7. Similar to the grating height optimization, the contact pads are 100 nm
high, the grating height is held at 100 nm, and the gap is 814 nm wide for all of the grating duty
cycle optimization simulations.
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Figure 4.7: Grating Duty Cycle Optimization
The transmission spectrum into the active area is simulated for each value of the grating duty
cycle, as shown in Figure 4.8.
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Figure 4.8: Transmission Spectra with Varying Grating Duty Cycle, Shown at 4 Different Perspectives
For the transmission spectra shown in Figure 4.8 it is apparent that, as with the grating height,
the duty cycle not only affects the amount of the flux transmitted into the active area, but also the
wavelength of the maximum amount of light transmitted. The maximum Enhancement Factor and
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the wavelength of each maximum are plotted in Figures 4.9 and 4.10, respectively. The greatest
maximum Enhancement Factor occurs at a grating duty cycle of 37%, at a wavelength of λ = 845
nm. An intriguing feature of the maximum transmission versus duty cycle curve is the local mini-
mum that occurs at around 50%, since many of the SPP Bragg coupling grating devices presented
in literature use a grating duty cycle of 50%. The maximum Enhancement Factor is relatively
steady between 60% and 90%, while the wavelength of the maximum enhancement steadily rises
between λ = 820 nm and λ = 860 nm. For grating duty cycles below 30% and above 90% the
maximum Enhancement Factor falls off very rapidly. A grating duty cycle of 37% is chosen for the
optimized device parameter.
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Figure 4.9: Maximum Enhancement Factor Versus Grating Duty Cycle
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Figure 4.10: Wavelength of Maximum Enhancement Factor Versus Grating Duty Cycle
4.2.3 Gap Optimization
The gap optimization is performed by separating the two contacts of the MSM from 50 nm to
3.2 µm in steps of 50 nm, and measuring the transmitted flux per unit width for each gap spacing,
as shown in Figure 4.11.
Figure 4.11: Gap Optimization
The gap optimization is slightly different than the two grating optimizations performed earlier in
that the transmitted flux area changes for each point simulated. To obtain the Enhancement Factor
as a function of gap spacing, each point requires a separate normalization. To calculate the total
transmitted flux into the active area, the transmitted flux per unit width must be multiplied by the
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gap spacing, which means that an increase in transmitted flux per unit width does not necessarily
correspond to a larger total flux, but it does correspond to a larger Enhancement Factor (i.e. larger
transmission with gratings versus without for the same gap spacing). The normalized transmission
spectra for different gap spacings are shown in Figure 4.12.
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Figure 4.12: Transmission Spectra with Varying Gap Spacing, Shown at 4 Different Perspectives
The maximum Enhancement Factor versus gap spacing and the wavelength of maximum En-
hancement Factor are plotted in Figure 4.13 and 4.14, respectively. The maximum Enhancement
Factor shows an ordered effect which has been attributed to a Fabry-Perot resonance between the
contacts; purportedly, the resonance conditions are dependent on the wavelength of the SPPs [25],
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[27]. However, Fabry-Perot resonance is not a plausible explanation because the wavelength of
the SPPs will be equal to the grating periodicity, which is still far too large to have a first order
Fabry-Perot resonance at a 50 nm gap spacing. As it stands, the origin of these ordered resonances
is an important problem that requires more exploration. Equally intriguing is the effect of the gap
spacing on the wavelength of maximum transmission per unit length, in that the wavelength ap-
pears to show an ordered asymptotic behavior in direct correlation with the peaks of the maximum
transmitted flux.
For the physical devices a gap spacing of 50 nm or less would be extremely difficult to fabricate.
Furthermore, such a small gap spacing could easily be bridged under a moderate applied bias.
Limiting the bias also limits the sensitivity of the device, which is not a desirable effect. Thus, the
gap spacing corresponding to the second peak of the maximum transmitted flux per unit width is
chosen as the value to be used for the final optimized device.
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Figure 4.13: Maximum Enhancement Factor Versus Gap Spacing
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Figure 4.14: Wavelength of Maximum Enhancement Factor Versus Gap Spacing
4.2.4 Simulation of Optimized Device
The optimized device is simulated using the parameters determined in the previous sections,
which are: a gap spacing of 920 nm, a grating height 100 nm, and a grating duty cycle of 37%.
The transmission spectrum for the optimized device is shown in Figure 4.15.
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Figure 4.15: Transmission Spectra for Optimized Device with Different Grating Duty Cycles
Using the optimized device parameters, an enhancement factor of 8 is obtained, but the wave-
length of enhancement is shifted to λ = 885 nm. This wavelength of enhancement is past the peak
absorption edge of GaAs, and will not result in the same factor of enhancement for the sensitivity
of the device. Surprisingly, when the same gap spacing and grating height are used with a 50%
duty cycle, the enhancement factor is increased to 10.66, and the peak enhancement occurs at 850
nm, which is well within the absorption spectrum of GaAs. An explanation of the effects of the
duty cycle on the maximum transmission is still pending.
The electric and magnetic field distributions for the MSM device with a gap spacing of 920
nm and no gratings are Figures 4.16 and 4.17, respectively. These same fields are shown for the
optimized device with a 37% duty cycle in Figures 4.18 and 4.19, and for the optimized device with
a 50% duty cycle in Figures 4.20 and 4.21. These field distributions are obtained by exciting each
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device with a single wavelength continuous plane wave source, and taking a snapshot in time. The
wavelength used for Figures 4.16, 4.17, 4.20, and 4.21 is λ = 850 nm, and the wavelength used for
Figures 4.18 and 4.19 is λ = 885 nm.
Figure 4.16: Electric Field Distribution without Gratings
Figure 4.17: Magnetic Field Distribution without Gratings
Figure 4.18: Electric Field Distribution of Optimized Device with 37% Duty Cycle, Image brightness has
been adjusted for clarity
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Figure 4.19: Magnetic Field Distribution of Optimized Device with 37% Duty Cycle
Figure 4.20: Electric Field Distribution of Optimized Device with 50% Duty Cycle, Image brightness has
been adjusted for clarity
Figure 4.21: Magnetic Field Distribution of Optimized Device with 50% Duty Cycle
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These field distributions make the SPP coupling effects apparent, as well as showing enhanced
transmission through the gap with the addition of gratings. The field distribution of Figure 4.16
shows that a small fraction of the electric field is transmitted into the active area in a device
without gratings. However, the gap spacing used in Figures 4.16 and 4.17 is the second peak in
the maximum Enhancement Factor versus gap spacing curve (Figure 4.13). The magnetic field
distribution for the device without gratings (Figure 4.17) shows a significant amount of the total
magnetic field is transmitted into the active area, which supports the theory of an induced dipole-
dipole interaction between the contact pads proposed by Gay et al. [59]. The field distributions
for the devices with gratings clearly show a TM polarized wave propagating along the surface of
the device, as predicted by the SPP coupling theory presented in Chapter 2. These simulated field
distributions serve as a proof of concept for the SPP enhanced MSM; the next step is to fabricate
it.
4.3 Fabrication
The fabrication procedure for the SPP enhanced photodetector device is very similar to the one
outlined in Chapter 3 for the SPP Bragg grating devices. However, there are additional steps
required hence the complete fabrication procedure is outlined below:
1. Spin Coat: The MSM photodetectors are fabricated by taking a piece of intrinsic GaAs
wafer, and spin-coating it with 950K PMMA for 30 seconds at 6,000 revolutions per minute.
Prior to spin-coating, the sample is cleaned as per the procedure outlined in step 1 of the SPP
Bragg coupling grating fabrication (Chapter 3). The PMMA is baked onto the substrate at
200◦C for 2 hours. The coated sample is shown in Figure 4.22.
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Figure 4.22: MSM Fabrication: Spin Coat Resist
2. Lithography: The next step is to write the MSM devices into the PMMA using the focused
electron beam of the SEM. At this point, only the MSM structures are being written – the
gratings will be written onto the contact pads in a later step. Alignment markers are written
around the MSM devices so that the NPGS software can navigate the device when it is time
to write the gratings. A five-by-five array of individual MSM device patterns with alignment
markers are written. The contact pads of the MSM are approximately 100 µm2 so that probes
can be connected to the devices for testing later. The gap is fabricated at the optimal spacing
of 920 nm, and the width of the MSM at the gap is 33 µm. A cross section of the device
after the first lithography step is shown in Figure 4.23. After the patterns are written with
the E-beam, they are developed for 70 seconds in a mixtures of 3:1 IPA to MBIK.
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Figure 4.23: MSM Fabrication: E-Beam Lithography
3. Metallization: The first metal deposition for the SPP enhanced MSM devices is a 5 nm/95
nm chromium/gold deposition. The thin layer of chromium acts as an adhesion layer for the
metal to stick to the substrate, and the gold is added to form the Schottky contacts with a
barrier height of about 0.8 eV [69] for the MSM devices. The metal is deposited by using
the exact same method that was outlined in Chapter 3. The sample after the first metal
deposition is shown in Figure 4.24.
Figure 4.24: MSM Fabrication: Gold Deposition
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4. Lift-off: After the metal deposition the sample is put into acetone to dissolve the PMMA,
leaving the positive of the pattern written by the electron beam. The device after lift off is
shown in Figure 4.25. A top view of the device is shown in Figure 4.26. This completes the
fabrication of the standard MSM device; all that follows is the fabrication of the gratings on
top of the contacts. The alignment markers that have been deposited will be used by the
NPGS software to align the electron beam for writing on top of the contacts in the following
fabrication steps. The width of the active area is kept relatively small in order to maintain a
low device capacitance, with larger contact pads farther from the active area so that probes
can be contacted later for device testing. The device shown in Figure 4.26 is not drawn to
scale.
Figure 4.25: MSM Fabrication: Lift Off
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Figure 4.26: MSM Fabrication: Top View of MSM
5. Second Spin Coat: The MSM devices are spin-coated with 950K PMMA for a second time
at 6,000 revolutions per minute for thirty seconds. The PMMA is baked on for 2 hours at
200◦C. The devices after the second spin coat are shown in Figure 4.27.
Figure 4.27: MSM Fabrication: Spin Coat MSM
6. Grating Lithography: The gratings are written with an 814 nm periodicity. As discussed
in Chapter 3, making the two dimensional simulated cross section into a three dimensional
structure can be achieved by either circular or linear gratings. Both gratings types are
fabricated with the optimized device parameters. In order to to get the proper duty cycle, ten
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of each type of grating is fabricated with different line dosings. The line dosing defines the
width of the line written by the electron beam, so the line dosing is increased by ten steps for
each device in order to achieve the correct duty cycle. Once the patterns have been written
with the E-beam, they are developed for 70 seconds in a mixtures of 3:1 IPA to MBIK.
Figure 4.28: MSM Fabrication: Write Gratings Using E-Beam Lithography
7. Second Metallization: The second metal deposition is only gold, and is 100 nm thick
to achieve the optimal grating height. The deposition is performed using the exact same
procedure as outlined in Chapter 3. The device after the second gold deposition is shown in
Figure 4.29.
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Figure 4.29: MSM Fabrication: Deposit Gold
8. Second Lift-off: After the 100 nm of gold is deposited, the sample is put into acetone to
dissolve the remaining PMMA. After the second lift off the SPP enhanced MSM devices are
complete. The completed device is shown in Figure 4.30, with a top view in Figure 4.31
(again, not drawn to scale).
Figure 4.30: MSM Fabrication: Second Lift Off
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Figure 4.31: MSM Fabrication: Top View of Final Device
The fabricated SPP enhanced MSM devices are shown with linear gratings and circular gratings
in Figures 4.32 and 4.33, respectively.
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Figure 4.32: Linear Gratings Fabricated on MSM: a) Five-by-five array of MSM devices, b) Single MSM
with linear gratings, c) Close-up of linear gratings on MSM, d) Tilted view of linear gratings on MSM
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Figure 4.33: Circular Gratings Fabricated on MSM: a) Five-by-five array of MSM devices, b) Single MSM
with circular gratings, c) Close-up of circular gratigs on MSM, d) Tilted view of circular gratings on MSM
77
78
Chapter 5: Conclusion and Future Work
5.1 Future Work
Planned future work includes refining the fabrication process and testing the fabricated devices.
The fabrication process can be improved to have a better sample yield per run, and to better position
the gratings on the MSM contacts. Testing the devices includes measuring the sensitivity of the
devices via a photocurrent spectrum, and measuring the time response of the devices. Work has
begun on both of these aspects of testing, and the experimental setups will be discussed presently.
5.1.1 Photocurrent Spectrum
The experimental setup for measuring the photocurrent spectrum of the devices is shown in
Figure 5.1.
Figure 5.1: Experimental Setup for Measuring Photocurrent
The measurement is performed by exciting the sample with a tunable dye laser and measuring
the current that is produced at a number of different wavelengths for a fixed bias. The bias and
current measurements are performed using a Keithely picoammeter, and a set of Micromanipulator
probes. The probes are placed on the device contacts by monitoring their position via the CCD
array. A lamp illuminates the sample so that the CCD array can look through the objective and
act as a free space optical microscope. Once the probes have landed on the contacts, a bias can be
supplied from the picoammeter, and the current can be collected through a guarded tri-axial cable.
The picoammeter is capable of extremely low noise measurements.
The optical excitation is achieved by using a tunable dye laser, which is pumped by an argon
ion laser. The argon ion beam is incident upon a stream of dye which fluoresces with a broad
band. The fluorescing dye is in an optical cavity with a tunable birefringent filter, which allows
for the effective length of the cavity to be changed. The selectivity of the cavity only allows one
wavelength to lase at a time, and as the cavity length is changed, the lasing wavelength changes.
Styryl 9 dye is used for a tunable wavelength range of 780 nm to 880 nm. The laser beam is coupled
with free space optics through the objective and onto the sample. The spot is focused onto the
sample by monitoring the the position of the spot in the CCD camera. A beam splitter is placed
near the output of the dye laser to measured the wavelength being emitted on a spectrometer. On
the breadboard, a photodetector is mounted to measure the optical power at each wavelength so
that the shape of the source can be normalized out later. Two linear polarizers can be used to step
down the power if the beam intensity is saturating the MSM device.
The purpose of this experiment is to show a sensitivity increase in devices with the SPP Bragg
coupling grating versus devices with out. On the sample fabricated, 10 devices were fabricated
with circular gratings, 10 were fabricated with linear gratings, and five were left blank for the for
comparison. The experimental setup has been aligned and tested using Rhodamine 6G dye, which
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lases in the visible region of the spectrum, but the dye laser cavity has yet to be aligned for the
the Styryl 9 dye. The photocurrent spectrum of the fabricated devices can be obtained once the
dye laser is operational with Styryl 9.
5.1.2 Time Response
The experimental setup for measuring the time response of the devices is shown in Figure 5.2.
Figure 5.2: Experimental Setup for Measuring Time Response
The time response is measured by exciting the devices with a Ti:Sapphire 100 fs pulse laser.
The pulse laser works by mode locking to create 100 fs long pulses of light with a 76 MHz repetition
rate, and has a tunable output from 750 nm to 900 nm. The laser output is brought through a
beam splitter onto the sample, which is monitored with the CCD array through the objective. The
CCD array is used to land the probes on the device, as well as to align the laser spot onto the active
area of the MSMs. The probes are connected to a bias T, which allows for the AC and DC signals
to and from the probes to be separated. The devices are biased and the DC current is measured
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using the picoammeter. The AC current is measured using a 50 GHz oscilloscope. The pulse width
of the laser is temporally short enough that the traces measured on the scope can be considered an
impulse response for the photodetector. Based on these impulse responses the maximum speed of
operation of the detector, as well as capacitance characteristics, can be determined.
5.2 Conclusion
The emerging field of Surface Plasmonics has shown exciting possibilities for the development of
ultra fast circuitry and nanoscale optics. One of the major contributions of this thesis is the com-
parison of different gold dielectric function models for the purposes of accurate FDTD simulation.
Providing a physically realistic model for the dielectric function of gold allows for the interaction
between light and the free electron gas to be accounted for through Maxwell’s equations. The
ability to model SPPs through Maxwell’s equations allows for the use of FDTD simulations as a
means for designing devices and structures based on SPP resonances.
Another major contribution of this thesis is the design, fabrication, and testing of SPP cou-
pling Bragg grating devices. The design of these devices utilizes SPP coupling theory, while the
experimental testing of these devices verifies that the SPP theory presented is physically accurate.
The strong correlation between the experimental and simulated data in the normal reflectance
measurements confirms that the use of the Drude-Lorentz dielectric function for gold in an FDTD
simulation is a valid method of predicting SPP behavior. The angular reflectance data clearly
shows that the Bragg grating coupling equation correctly predicts the coupling angle for a certain
periodicity with a certain wavelength of excitation.
The most important contribution of this thesis is the application of SPP coupling Bragg gratings
to the two gold contacts of a GaAs MSM photodetector. The optimal grating height, grating duty
cycle, and gap spacing are determined for the SPP enhanced MSM structure by using the same
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FDTD method that was verified with the SPP Bragg coupling gratings. To maximize the flux
transmitted into the active area through the aperture created by the contacts, each device attribute
is parametrically varied. The optimal device is simulated, giving an enhancement greater than a
factor of 10 for a MSM photodetector with gratings versus without. Similar devices have been
simulated in the literature, but all of these devices rely on an additional enhancement due to a
sub-wavelength aperture (typically around a 50 nm gap spacing). These devices have shown an
enhancement factor on the order of 64 times greater for a device with gratings versus a device
without. However, these devices are physically impractical because the small gap spacing will limit
the amount of DC bias that can be applied across the contacts before bridging occurs. Limiting
the DC biasing corresponds to limiting the sensitivity of the device, which means that larger factor
of transmitted flux enhancement does not necessarily correspond to a larger photocurrent. The
simulated factor of 10 enhancement for the device presented in this thesis is physically achievable,
and is the first of its kind to actually be fabricated. Measurements have been taken on a set of
unoptimized devices, and the preliminary data supports the conclusions of this thesis: Plasmonic
lenses do indeed increase the sensitivity of an MSM photodetector with no loss of speed. Other
publications are being prepared that report on these results.
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Appendix A: Derivation of the Drude Model Dielectric Function
In the presence of a time varying electric field the equation of motion for momentum of an electron
can be written as:
d~p
dt
= −~p
τ
− q ~E(ω) (A.1)
The frequency dependent momentum can be found by taking the Fourier Transform of the
above equation and rearranging:
−iω~p(ω) = −~p(ω)
τ
− q ~E(ω) (A.2)
~p(ω) =
~E(ω)
( 1τ )− iω
(A.3)
Using the frequency dependent momentum the frequency dependent current density can be
found:
~j(ω) = −nq~p(ω)
m
=
(nq
2
m ) ~E(ω)
( 1τ )− iω
(A.4)
Relating the current density to the electric field using Ohm’s law ~j(ω) = σ(ω) ~E(ω) gives the
AC electrical conductivity:
σ(ω) =
σ0
1− iωτ (A.5)
Where σ0 = nq
2τ
m . Assuming non-ferromagnetic material (µ = 1) Faraday’s Law can be rear-
ranged:
∇× ~E = −1
c
∂ ~H
∂t
(A.6)
∇× ~E = iω
c
~H (A.7)
Taking the curl of both sides yields a relationship between the Laplacian of the electric field
and Ampere’s law:
∇× (∇× ~E) = iω
c
~H (A.8)
−∇2 ~E = iω
c
(
4pi
c
~j − iω
c
~E
)
(A.9)
(A.10)
Substituting in the AC electrical conductivity derived above:
−∇2 ~E = iω
c
(
4piσ
c
~E − iω
c
~E
)
(A.11)
−∇2 ~E = ω
2
c2
(
1 +
4piiσ
ω
)
~E (A.12)
Which is the wave equation:
−∇2 ~E = ω
2
c2
(ω) ~E (A.13)
Where:
(ω) = 1 +
4piiσ
ω
(A.14)
(ω) = 1− ω
2
p
ω
(
ω + iτ
) (A.15)
Notice that this is neglecting the contribution of the ion cores. To include this contribution
replace the 1 term with the static dielectric constant ∞. Also notice that the damping coefficient
γp is equal to the relaxation time 1τ .
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Appendix B: p-polarized Propagation
Beginning with the geometry shown in Figure 2.3, the electric and magnetic wave equations can
be written in each media for a TM (p) polarized wave as:
For z > 0:
~H2 = < 0, Hy2, 0 > ej(kx2x+kz2z−ωt) (B.1)
~E2 = <Ex2, 0, Ez2 > ej(kx2x+kz2z−ωt) (B.2)
For z < 0
~H1 = < 0, Hy1, 0 > ej(kx1x−kz1z−ωt) (B.3)
~E1 = <Ex1, 0, Ez1 > ej(kx1x−kz1z−ωt) (B.4)
Assuming that the materials in both regions are non-magnetic (µ = µ0) Maxwells equations
can be written for the following system:
∇× ~Hi = i 1c ∂
~Ei
∂t (B.5)
∇× ~Ei = −1c ∂
~Hi
∂t (B.6)
∇ · i ~Ei = 0 (B.7)
∇ · ~Hi = 0 (B.8)
Where i = 1, 2 corresponding to regions 1 and 2. Writing the continuity equations accross the
interface gives boundary conditions for solving Maxwell’s equations:
Ex1 = Ex2 (B.9)
Hy1 = Hy2 (B.10)
1Ez1 = 2Ez2 (B.11)
The first two equations can be combined to find continuity of the x-component of the poynting
vector:
Ex1 ×Hy1 = Ex2 ×Hy2 (B.12)
∴ kx1 = kx2 (B.13)
Taking the curl of the magnetic field in both media yields the following expression:
∇× ~Hi =
∣∣∣∣∣∣
aˆx aˆy aˆz
∂
∂x
∂
∂y
∂
∂z
0 Hy 0
∣∣∣∣∣∣ ej(kxix±kziz−ωt) (B.14)
The curl of the magnetic field can be equated to the partial derivate of the electric field as per
Ampere’s law:
=
∂
∂z
[
Hye
j(kxix±kziz−ωt)
]
aˆx (B.15)
= ±jkziHyej(kxix±kziz−ωt)aˆx (B.16)
i
1
c
∂ ~Ei
∂t
=
−jωi
c
(Exiaˆx + Eziaˆz)ej(kxix±kziz−ωt) (B.17)
kziHyi = ∓ωi
c
Ex (B.18)
Ampere’s law can be rearranged to relate the z component of the wavevector ~k in each media:
Ex =
c
ω2
kz2Hy2 (B.19)
kz1Hy1 =
−ω1
c
c
ω2
kz2Hy2 (B.20)
kz1
1
Hy1 +
kz2
2
Hy2 = 0 (B.21)
Hy1 −Hy2 = 0 (B.22)[
1 −1
kz1
1
kz2
2
] [
Hy1
Hy2
]
=
[
0
0
]
(B.23)
det
∣∣∣∣ 1 −1kz1
1
kz2
2
∣∣∣∣ = 0 (B.24)
kz1
1
+
kz2
2
= 0 (B.25)
Faraday’s law can be applied to find a second expression relating the z component of the
wavevector ~k in each media to the x component kx:
∇× ~Ei = −1
c
∂ ~Hi
∂t
(B.26)
∇× ~Ei =
∣∣∣∣∣∣
aˆx aˆy aˆz
∂
∂x
∂
∂y
∂
∂z
Exi 0 Ezi
∣∣∣∣∣∣ ej(kxix±kziz−ωt) (B.27)
= (∓jkziExi + jkxiEzi)ej(kxi±kzi−ωt)aˆy (B.28)
= −1
c
∂ ~Hi
∂t
=
jω
c
Hyie
j(kxix±kziz−ωt) (B.29)
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∓kziEx + kxEzi = ω
c
Hy =
ω2
c2
i
kzi
Ex (B.30)
k2ziEx + kzikxEzi = i
ω2
c2
Ex (B.31)
∇ · i ~Ei = 0 (B.32)
i
(
∂Ex
∂x
+
∂Ezi
∂z
)
= 0 (B.33)
kxEx = kziEzi (B.34)
k2zi + k
2
x = i
ω2
c2
(B.35)
The two equations can now be combined to solve for the dispersion kx(ω):
kz1 = −1
2
kz2 (B.36)(
1− 
2
1
22
)
k2x =
(
1 − 
2
1
22
)
ω2
c2
(B.37)
k2x =
1
2
2 − 212
22 − 21
ω2
c2
=
12
1 + 2
ω2
c2
(B.38)
kx = ksp =
ω
c
√
12
1 + 2
(B.39)
Assuming that:
1 = ′1(ω) + j
′′
1(ω) (B.40)
Equation B.39 can be written as:
ksp = k′sp + jk
′′
sp (B.41)
By substituting B.40 into B.39:
ksp =
ω
c
√
(′1(ω) + j′′1(ω))2
(′1(ω) + j′′1(ω)) + 2
(B.42)
=
ω
c
√
′1(ω)2(′1(ω) + 2) + ′′21 (ω)2 + j(′′1(ω)2(′1(ω) + 2)− ′1(ω)′′1(ω)2)
(′1(ω) + 2)2 + ′′21 (ω)
(B.43)
=
ω
c
√
′1(ω)2(′1(ω) + 2) + ′′21 (ω)2
(′1(ω) + 2)2 + ′′21 (ω)
+ j
(′′1(ω)2(′1(ω) + 2)− ′1(ω)′′1(ω)2)
(′1(ω) + 2)2 + ′′21 (ω)
(B.44)
Using the following identity:
√
x+ jy =
√
r + x
2
+ j
y√
2(r + x)
(B.45)
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Where:
r = |x+ jy| =
√
x2 + y2 (B.46)
The SPP wavenumber can be broken into its real and imaginary components:
k′sp =
ω
c
√
′1(ω)2
′1(ω) + 2
(B.47)
k′′sp =
ω
c
(
′1(ω)2
′1(ω) + 2
) 3
2 ′′1(ω)
2′1(ω)2
(B.48)
Where k′sp is the SPP dispersion, and k′′sp is the SPP attenuation.
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Appendix C: s-polarized Propagation
Again, using the geometry of Figure 2.3 the electric and magnetic field equations for a TE (s)
polarized wave can be written in each media as:
For z > 0:
~H2 = <Hx2, 0, Hy2 > ej(kx2x+kz2z−ωt) (C.1)
~E2 = < 0, Ey2, 0 > ej(kx2x+kz2z−ωt) (C.2)
For z < 0
~H1 = <Hx1, 0, Hz1 > ej(kx1x−kz1z−ωt) (C.3)
~E1 = < 0, Ey1, 0 > ej(kx1x−kz1z−ωt) (C.4)
Using the continuity conditions at the boundary yields the following equations:
Ey1 = Ey2 (C.5)
Hx1 = Hx2 (C.6)
µ1Hz1 = µ2Hz2 (C.7)
Taking the curl of the magnetic field gives the following equation:
∇× ~Hi =
∣∣∣∣∣∣
aˆx aˆy aˆz
∂
∂x
∂
∂y
∂
∂z
Hxi 0 Hzi
∣∣∣∣∣∣ (C.8)
=
(
∂Hxi
∂z
− ∂Hzi
∂x
)
aˆy (C.9)
= (±jkziHxi − jkxiHzi)aˆy (C.10)
Which can be related to the partial derivative with respect to time of the electric field by
Ampere’s law:
−ωi
c
Eyi = ±kziHxi − kxiHzi (C.11)
The curl of the electric field and the partial derivative with respect to time can be related by
Faraday’s law:
∇× ~Ei =
∣∣∣∣∣∣
aˆx aˆy aˆz
∂
∂x
∂
∂y
∂
∂z
0 Eyi 0
∣∣∣∣∣∣ (C.12)
= −∂Eyi
∂z
aˆx +
∂Eyi
∂x
aˆz (C.13)
= (∓jkziEyi)aˆx + (jkxiEyi)aˆz (C.14)
−1
c
∂
∂t
~Hi =
j
c
< Hxi, 0, Hzi > (C.15)
∓kziEyi = ω
c
Hxi (C.16)
kxiEyi =
ω
c
Hzi (C.17)
Substituting C.11 into C.17 results in the following relation:
ωi
c
=
c
ω
(k2zi + k
2
x) (C.18)
Now, solving for kzi produces:
kzi =
√
i
(ω
c
)2 − k2x (C.19)
The boundary conditions can be used to setup a matrix of equations:[
1 −1
kz1 kz2
] [
Ey1
Ey2
]
=
[
0
0
]
(C.20)
det
∣∣∣∣ 1 −1kz1 kz2
∣∣∣∣ = 0 (C.21)
kz1 + kz2 = 0 (C.22)
Which can be combined to find:√
1
(ω
c
)2 − k2x +√2 (ωc )2 − k2x = 0 (C.23)
1
(ω
c
)2 − k2x = 2 (ωc )2 − k2x (C.24)
1 = 2 (C.25)
Which means that there is no solution for the SPP dispersion in an s-polarized mode at a single
interface.
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Appendix D: Derivation of SPP Skin Depth
The skin depth in a material is defined at as the distance that it takes the electric field to decay
by 1e , or ≈ 36%. Noting that the electric field in either air or the gold can be written as:
Ez ∝ e−|kzi|zi (D.1)
Where i = 1, 2, denoting the material in which the skin depth is being calculated (1 for gold, 2
for air). The skin depth in either material can be solved for by setting the electric field equal to 1e :
e−1 = e−|kzi|zˆi (D.2)
Taking the natural log of both sides it can be found that:
−1 = −|kzi|zˆi (D.3)
zˆi =
1
|kzi| (D.4)
From Appendix B it can be found that:
kzi =
√
i
(ω
c
)2 − k2x (D.5)
The skin depth in either material can now be solved for as:
zˆi =
1√
i
(
ω
c
)2 − ′12
′1+2
(
ω
c
)2 (D.6)
=
c
ω
1(
12+2i−12
1+2
) 1
2
(D.7)
=
λ
2pi
(
1 + 2
2i
) 1
2
(D.8)
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Appendix E: Derivation of SPP Propagation Length
The attenuation of the SPP in the x direction can be written as:
β ∝ e−2k′′xx (E.1)
Where k′′x is the imaginary part of the SPP wavenumber. The propagation length L of the SPP
is defined as the length that an SPP travels before the electric field in the x direction has decayed
by 1e :
e−1 = e−2k
′′
xL (E.2)
L =
1
2k′′x
(E.3)
The imaginary part of the SPP wavenumber k′′x is found by replacing 1 of equation B.39 with
the complex dielectric function of gold, which takes the form ′1(ω) + j′′1(ω). This gives a complex
wavenumber of the the form kx = k′x + jk′′x, which can be found as:
